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Self-Consistent Mean Field approaches

Self-consistent Mean Field approaches

The energy of the atomic nucleus is postulated as a functional

& = Exin(p) + Esk(p) + Ecour(p) + 6‘pairing (0,%,€%) + Ecorr (P)

= it depends on one-body density matrix p and the pair tensor «

pij = (Polcfci|Po),
Kij = (Polcjei| o),
Kjj = (<I>0|c:~rc;r|®0>.

where | @) is the quasi-particle vacuum

= & =
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The Skyrme EDF

What is in the &g (p) box ?

Egi ? Take Hartree-Fock expectation value

A

1 o _ _ ..
gSk — E Z (l]|vcentral + ULS +vtensor|1]>
ij=1

of effective zero-range interaction containing a central, spin-orbit and tensor

part

peentral _ [tO ( +xOfJ0) d % t3 (14 x3f30) p“] S(r— l‘,)
3 (1+00Po) [R2 (= ¥) + 6 — 1) K]
+t (14 0P K- 5(r—1) k

ol = iWp (1 + &) - K* x 8(r—¥) k

ptensor _ %e{ [3(0-1 . k/)(g'z . k’) = (0'1 . U'z)klz}é(r) +hc}

+ %0{3(0-1 K)o(r)(o2 k) = (01 - )k - 5(r)k+hc}
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The Skyrme EDF

From the force to the energy density functional

1 A
ESk _ E Z (1]|vcentral_i_?—)LS_'_Ut(nsor|l]>
ij=1

- /dBr Y- {Cllpole? + Cilpols? + CF¥petdpr + CI (V- 5)% + Cls; - sy
t=0,1

+ Cz‘lv(st . Tt - Z It,yl/]t,yv) + +Ctv'](pl‘v 'Jf + st V x ]L‘)

WV=XY,2
+ Cf {Sf F — 5 < Z ]t 1{;1) - % Z Ir,ul']t,l"u] + C;‘r(prf - ]tz)}
H=x,y,z UV=XY,2

The coupling constants are a function of the t; and x; coefficients in the
Skyrme force

oa(0) = Py G0 =V Vo)
Joaw () = = (V= V) squ(r0)| s jo(0) = (V= V') py(r, )|
sq(r) =sq(r,X')| ., Ty(r) = V- V's(r,1)] .,
CEE I LA R A RN
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The Skyrme EDF

From the force to the energy density functional

A
ESk _ % Z (l]|vcentral +79 =LS + Z—)tensor|i]->
i~
= [@r ¥ {CPlpole? + Cilools? + CP¥ putrps + CF*(T +50)% + Ci¥st - sy
t= 01
+Cl (st Te— Y TepJiw) +Ctv'I(PtV Jr+st-V xijr)
WV=X,Z
+ Cf[ -Fr — *< 2 ]t,yy) % Z ]t,yv]t,vu] + Cf (o1t — l%)}
U=XY,2 WV=XY,Z

The coupling constants are a function of the t; and x; coefficients in the
Skyrme force

the EDF is a function of densities, currents and tensors. Some transform
even under time reversal, other transform odd under time reversal.

pq (1) = p(r)
57 (1) = —s(1)

Linear Response Theory : from infinite nuclear matter to finite nuclei
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Systematic divergencies

How it started : Instabilities/divergencies in cr8

Systematic divergencies in cr8 found for several TIJ parameterizations
after implementation of the tensor terms

The calculation stops because the total energy diverges or the total
energy becomes positive.

Es = [&r ¥ {CloF +Cist+ C¥prtr + sy s
t=0,1

4 CtT (st - Ty — E ]t,yv]t,yv) + Cf(PtTt - ]%)

HV=XY,2

+CY (V- Je+ 56+ V x i) + CY(V - 51)?
+CE[st-Fr—5( Y ]tw)Z—% )y ]t,yv]t,vy]}

U=Xx,y,z WV=x,y,z

reason ? finite-size instabilities ?

Linear Response The from infinite nuclear matter to finite nuclei Université Libre de Bruxelles
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Systematic divergencies

Some technical details

HFB + LN (+ self-consistent
cranking)

In pairing channel : surface
density-dependent J interaction
with 5 MeV cutoff above and
below the Fermi level and
V=-1250 MeV fm—3
cr8 and evb8 :

parity and z-signature

3D Cartesian mesh

imaginary time-step method

#") = 1= §h0lo ")

dt ~ dx? (for dx = 0.8 fm,

dt =0.01210~%s)

Linear Response Theory : from infinite nuclear matter to finite nuclei Université Libre de Bruxelles
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Finite-size instabilities in finite nuclei
Finite-size instabilities ?
Force vs functional
P18p01
S()ASQ
(V-s0)?
The “negative side” of the coupling constants
The gory details ...
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Finite-size instabilities ?

Finite-size instabilities?

They are associated with strong
derivative terms in the Skyrme
EDF: p;Apt, s - As, and (V -s)?
They cause systematic
non-convergence in SCMF
calculations

They can be studied with linear
response theory in INM :
calculate the response of INM to
perturbations of the density.
oo wavelength — cfr. Landau
parameters
finite wavelength — finite-size
instability

rom infinite nuclear matter to finite nuclei

Finite-size instability caused by p1Ap4
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(Taken from T. Lesinski et al, PRC74 (044315) 2006)
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Finite-size instabilities ?

What is happening when the p;Ap; occurs ? (in spherical symmetry)

Toy model : Take the SLy5 parameterisation and vary ClAp. Compare RPA in
INM and results for finite nucleus (1325n)

05 02 ——
— neutrons
04 4 — protons
0.15
o o0k " =16.2375 MeVfm’ -
“% “E 0.1
2202l < 132
____________________________ Sn
005
0.1k 1
| | | L )
10 20 30 4 2 56 7 8 9 10
c*? [MeVim’] r [fm]

(A. Pastore et al., arXiv:1110.6377 (2011) )

rom infinite nuclear matter to finite nuclei

Université Libre de Bruxelles



size instabilities in finite nuclei

Finite-size instabilities ?

What is happening when the p;Ap; occurs ? (in spherical symmetry)

Toy model : Take the SLy5 parameterisation and vary ClAp. Compare RPA in
INM and results for finite nucleus (1325n)

02 —
— neutrons
— protons
0.5
‘E
= o0ap
= 132
<
Sn
005
o
| | | L |
10 20 30 4 T2
c*? [MeVim’]

(A. Pastore et al., arXiv:1110.6377 (2011) )
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Finite-size instabilities ?

What is happening when the p;Ap; occurs ? (in spherical symmetry)

Toy model : Take the SLy5 parameterisation and vary ClAp. Compare RPA in
INM and results for finite nucleus (1325n)

02 —
— neutrons
il — protons
0.5 4
| L
= o0ap B
i = 132
<
. - Sn
C" =34 MeVim 0051 7
o 4
| | | L |
10 20 30 4 T 2 3 4 6 7 8 9 10
c*? [MeVim’]

(A. Pastore et al., arXiv:1110.6377 (2011) )
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Finite-size instabilities ?

What is happening when the p;Ap; occurs ? (in spherical symmetry)

Toy model : Take the SLy5 parameterisation and vary ClAp. Compare RPA in
INM and results for finite nucleus (1325n)

02

0.1

P () [fm”]

— neutrons
— protons

20
c*? MeVim’]

(A. Pastore et al., arXiv:1110.6377 (2011) )

The p1Ap; term favours strong oscillations in the proton and neutron density

Université Libre de Bruxelles
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Finite-size instabilities in finite nuclei
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How important are these (V -s)? and s - As terms ?

SD band in 1c)”1Hg

160 . " T " 160 . . T T

150 | 1 st 1

140 | 1 u4of 1
<130 130 cr=0
Z z c=r0,cp=0 ——--
=10t 1 2ot « A s
S = Cy'=-20,C;"=0 - -
g 1o 1 L uor Y 9 C?‘:O,C?’:SO ,,,,,,,,,,

100 | 7 g 100 (' g Cﬁ" 0, C,A‘ 20 -

% 2,cV=0| o0 =7 44,¢cV=0 «

80 . . . . 30 . . . A

0 01 02 03 04 05 0 o1 02 03 04 05
ho [MeV] hw [MeV]

= C2 values chosen close to limit of stability to obtain maximal effect

» Small, sign-dependent effect on 7 (?)

w Similar for Ctv §

Small terms that can be very annoying...

to finite nuclei i té Libre de Bruxelles



Introduction

Force vs functional

Force vs functional

Why not adopt the EDF approach and
put these terms to zero ?

— anomalies appear in the PNR
deformation energy surface when you
take enough discretization points of
the integral over the gauge angle

i Solutions ?
T i s

Regularization scheme (eliminate
spurious terms). This requires
forces withw =1

Use an effective strong +
Coulomb interaction with all
direct, exchange and pairing

o .""
04 02 00 02 04 06 08 terms
ﬂ)

(M. Bender et al., PRC 79, 044319 (2009))
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nite-size instabilities in finite nuclei

Force vs functional

Why not adopt the EDF approach and
put these terms to zero ?

— anomalies appear in the PNR
deformation energy surface when you
take enough discretization points of
Need for stable forces ! the integral over the gauge angle
Especially difficult for time-odd
(V -s)? and s - As as they are zero
during the fitting procedure

We cannot switch off these small
derivative terms

Solutions ?

Regularization scheme (eliminate
spurious terms). This requires

Our goal is two-fold : forces with a = 1
Define a save interval Use an effective strong +
Understand what is going on at Coulomb interaction with all
the instability direct, exchange and pairing
Establish the link between finite terms
nuclei and INM

Linear Response Theory : from infinite nuclear matter to finite nuclei Université Libre de Bruxelles
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First, start from what we know : p;Ap;

Scan of C;\p in 3D codes

208pp with SLy5 interaction and evb8

A dx=0.8 fm, dt=0.01210"2? s
04k q
n; 03F B
:E,”, \\\\\—\,, 1 - 340 ' X SL‘ 5’
ol & i E . y
: 330 + )(.,_x"__ 4
) l!zvlLLme’l * ! <Ql e, Ko
. o 320 208 Xxx B
= peutrons A Pb %
0.151- 1 Q 310 = X -
- < X
E =3
= oaf B L\L]/
= 1326, 300 . . . . . .
005 1 300 -250 200 -150 -100 50 0 50
CM[MeV fm’]
B B SR S BN B
r[fm]
(A. Pastore et ., arXiv1110.6377 (2011) ) = Non-convergence at positive and

negative side

Response Theo: from infinite nuclear matter to finite nuclei Université Libre de Bruxelles



Finite-size instabilities in finite nuclei
o] le]e]e}

P11

Evolution of p; at C1Ap =40

iter=10

Linear Response Theory : from infinite nuclear matter to finite nuclei

iter=30
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Finite-size instabilities in finite nuclei
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Evolution of pg at C]Ap =40

iter=10 iter=30

Linear Response Theory : from infinite nuclear matter to finite nuclei Université Libre de Bruxelles
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Ot, Apt and PtAPt at ClAP =40

iter=70




Finite-size instabilities in finite nuclei
[e]e]e]e] }

What is seen in infinite nuclear matter

(with the SLy5 parameterization)

C =30 MeV fm’

C9,230, C*%,=76.524631249999995

C = 40 MeV fm®

CAP,=40, G*Py=76.524531249999995
. 05 - -
04
tho-sat
03 q
-~ -
3 £
02 ]
o _\ |
N o
3 5 0 1 2 3 4 5
afm™)

qlim’]

A. Pastore, private communication
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Finite-size instabilities in finite nuclei
[ Jelele]e}

Now, proceed to : spAsg

0.05 T T T T T T
of 1 Vary C5% (CP$ = CY* = 0) for |, = 54
§ o | in 19"Vng with T22 parameterization
=1 0.1 4 >
4 st [ f Outside this domain, the
SRS 1 calculation diverges !
025 1 AS
P Co® >0
0020 0 0 1020 30 40 steep downward slope of
C¥[MeV fm’] E(S()AS())
16 —————— strong change in
% 15 g spin-polarization
O o4 4
I ] i <o
s 12 1 no strong variation
2 g
: i Empirical limits :
% oo N
5 o8t A CtAS = [—24 : 36] MeV fl'n5

r Respor e f infini clear ma to finite nuclei i ité Libre de Bruxelles



Finite-size instabilities in finite nuclei
O@000

0.0029

0.0025

0.0021

0.0017

0.0012

0.0008

0.0004

0.0000

194Hg at Jz=54 with T22 interaction and cr8
dx=0.8 fm, dt=0.01210"#s
For C* = 0 MeV fm?, the spins are aligned to the rotation axis at J,=54

m infinite nuclear matter to finite nuclei



Finite-size instabilities in finite nuclei
[e]e] le]e}

Evolution of sj at COAS = 40 MeV fm°

iter=180 iter=150
00056
00048
0.0580
0.0497 0.0040
:
0.0415 z 0.0032
0.0332 00024
0.0249
00016
0.0166
0.0083 0.0008
0.0000 0.0000
iter=10
00580
00497
00415
z 00332
00249

0.0166
0.0083

0.0000
Université Libre de Bruxelles
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Introduction

SO - ASQ

0.0056

10905

00048 ononer

0.0040

0000294

00032 z

0000446

0.0024

0000598

0.0016

0000751

0.0008 -0.000903

0.0000

000106

At 150 iterations

0.1882
0.1613 Negative coupling constant :
E(soAsg) becomes strongly
negative

0.1344

0.1075

0.0807

0.0538

0.0269

Université Libre de Bruxelles
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What is seen in infinite nuclear matter

(with the T22 parameterization)

C4% = 32 MeV fm® CJ® = 40 MeV fm®

©%=32, C**=C"=C"™ =0 €°=40, C**|=C"*=C"®;=0

plm?)

er to finite nuclei



Finite-size instabilities in finite nuclei
@000

How about (V - sg)?

0.05 T T T T T T T
ol ]
Z 005 R
z
§ 001; F T2 1 ya¥z4c()vs (O/AH - C]vs =0) fo.r ]: 54
wal | in 7*Hg with T22 parameterization

Outside this domain, the
calculation diverges !

Empirical limits :

=0

g

Cy® = [~56 : 92] MeV fm®
CY® = [~48 : 96] MeV fm®

Changes relative to value at Cj

60 40 20 0 20 40 60 80 100
€Y [MeV fm’]

m infinite nu finite nuclei



Finite-size instabilities in finite nuclei
0@00

CYs=CM =0 Cy® = —60 MeV fm° at 550 iterations

0.0192

0.0144




Finite-size instabilities in finite nuclei
[e]e] ]o]

The spin density sp and V - sy at Cj* = —60 MeV fm>

At 10 iterations

S0 V.

0.0035
0.0030
0.0025
0.0020 z
0.0015
0.0010
0.0005

0.0000

S0

000462

000330

000198

0.000660

000330




Finite-size instabilities in finite nuclei
[e]e] ]o]

The spin density sp and V - sy at Cj* = —60 MeV fm>

At 200 iterations

Sp V .59

0.0067

0.0058

0.0048

0.0039 z 000354
0.0029 -0.00354
0.0019 00106

0.0010 00177

0.0000 -0.0248




Finite-size instabilities in finite nuclei
[e]e] ]o]

The spin density sp and V - sy at Cj* = —60 MeV fm>

At 400 iterations

Sp V .59

0.0336
0.0288
0.0240
00192 z
00144
0.0096
0.0048

0.0000

0.0211

-0.0211




Finite-size instabilities in finite nuclei
[e]e] ]o]

The spin density sp and V - sy at Cj* = —60 MeV fm>

At 550 iterations

Sp V .59

02179 0.763
0.1868 0.545
0.1557 0327
z 0.1245 z 0.109
0.0934 -0.109
0327
00311 0.545
0.0000

-0.763

n infinite nu




Finite-size instabilities in finite nuclei
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What is seen in infinite nuclear matter

(with the T22 parameterization)

Cy® = —46 MeV fm°® CY® = —56 MeV fm®

C=-46, C*54=C"*=C"*=0 C"y=-56, C*%=C"*=C"*=0

06
05 -
tho-sal -
e o .
E E N 1
02 ‘ 4
» oo . . .
) 1 2 3 4 5

qlm™]

n infinite nu




Finite-size instabilities in finite nuclei

The “negative side” of the coupling constants

What about the “negative side” ?

E(s.Asp) [MeV]

03 I I I I I I
-30 -20 -10 0 10 20 30 40

Co¥[MeV fm’]

The instability at neg. values of C
are not observed in INM

Instability or just
non-convergence ?

n infinite nu

E(poApoi+E(p;Apy) [MeV]

plm?)

@000

340 T

% SLy5
X X
330 F X 1
Ko
320 b 208 Ko b
Pb k?
310 | x|
X
300 . . . . . .
300 -250 =200 -150 <100 50 0 50
AP MeV fm’]
C4=-50, C*%,=C"(=C",=0

q(im™)




he “negative side” of the coupling constants

What about the “negative side” ? Divergence or instability ?

E(poAp+E(p;Apy) [MeV]

340 ‘ ‘ ‘ ‘ ‘
x-- SLy5’
X X
330 | X 1
X.
K.,
X..
K.,
X
320 - 208 ok
Pb %
310 F x4
X
300 ‘ ‘ ‘ ‘ ‘ ‘
300 250 200 -150 -100 50 0 50
AP [MeV fm’]

Calculation normally stops
around 200 iterations for

C™ = —260 MeV fm’

Beyond 200 iteration, it becomes
“metastable” with very bad
convergence of the s.p. levels

dx=0.8 fm, dt=0.012 1022 s

E [MeV]

-1250

-1300 F
-1350 F
-1400 F
-1450 F
-1500

-1550
0

¢, [MeV]

functional
S.p. energies e

208Pb

0

50 100 150 200 250

infinite nuclear matter to finite nuclei
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The “negative side” of the coupling constants

What happens with pg for ClAp = —260 MeV fm®

= Calculation for 208 Pb with dx=0.8
fm, dt=0.012 102 5

(Loading movie...) = Isosurface of pg at 95% of 0 yuax
= Nucleus essentially “falls apart”

(respecting the symmetries of the
code, hence octahedral shape)

Response Theo: n infinite nuclear matter to finite nuclei Université Libre de Bruxelles
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Finite-size instabilities in finite nuclei
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The “negative side” of the coupling constants

What happens with p; for ClAp = —260 MeV fm®

) . = Calculation for 208 Pb with dx=0.8
(Loading movie...) fm, dt=0.012 1022 s

= Isosurface of p1 at 60% of 01 yax

iter=-260

00071

00010

Ap,
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The gory details ...

The gory details ...

Disclaimer : The exact value of the coupling constant where non-convergence
first occurs is sensitive to the numerics of the problem (basis or mesh,
damping, etc), to the mass number of the nucleus, to the other parameters, ...

M. Bender et al., Phys. Rev. C 65, 054322 (2002).

98
96 | G
_ 94 53
<5 92
T 90
E 88
86
< ’, . S
~ 84 Co00000  Tu
H82 (AL X FYY ac g
80 —12
g O]
0.3 0.4 0.5 0.6 0.7 0.8
h w(MeV)

HFODD converges (?) for ClAs = 40 MeV fm°and ClAs < —24 MeV fm®, which
is unstable with cr8

Université Libre de Bruxelles
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The gory details ...

Some numerics

Test for 2%Pb, with dx=0.8 fm (up to 2000 iterations)
(dt= time step in the imaginary time-step method)

C¥ [MeV fm’]
dt[1072s] | -260 -280 -300 -320

0.009 v v v v
0.010 v v v X
0.011 v v X X
0.012 X X X X

Calculation with dt=0.01110"22 s starting from “metastable” result for
dt=0.01210"2 s converges (CAP=-26O)

Calculation with dt=0.012 10?2 s starting from “converged” result for
dt=0.011 10-22 s diverges (C|*=-260)

Calculation with dt=0.01110"2 s starting from dt=0.011 10725
(ClAp=—260) with ndiag = 1 converges (ndiag=1 : diagonalization before
iterations start)

Linear Response Theory : from infinite nuclear matter to finite nuclei Université Libre de Bruxelles



Finite-size instabilities in finite nuclei
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The gory details ...

Play with damping
nxmu=10 (W1 = nxmu /100 « WD 4 (1 — nxmu /100) « W)

Cl¥ [MeV fm’]

dt[107%2s] | 260 -300 -340 -380 -420

0.006 v v v v

0.008 v v v v v

0.010 v v v v X

0.012 v v v v v
nxmu=20

C¥ [MeV fm’]
dt[10 Zs] | 260 -300 -340 -380 -420

0.006 v v v v

0.008 v v v X X

0.010 v v v X X

0.012 v X X X X
nxmu=30

C¥ [MeV fm’]
dt[10 Zs] | 260 -300 -340 -380 -420

0.006 v v v v

0.008 v v X X X
0.010 X X X X X
0.012 X X X X X

Université Libre de Bruxelles
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Finite-size instabilities in finite nuclei
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The gory details ...

Play with damping

nxmu=10 (damping parameter)
Cl¥ [MeV fm?]
dt[107225s] | 260 -300 -340 -380 -420

0.006 v v v v

0.008 v v v v v
0.010 v v v v X
0.012 v v v v v

nxmu=25 : start calculation from fully “converged” calculation with
nxmu=10

C¥ [MeV fm?]
dt[10 Zs] | 260 -300 -340 -380 -420

0.006 v v v v

0.008 v v v v X
0.010 v X X X X
0.012 X X X X X

= It seems as if the nxmu= 10 calculation is “fake” converged. Diminishing
the time step is also some sort of damping.

Université Libre de Bruxelles
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Conclusion

Some conclusions and questions

We found finite-size instabilities for the (V - s)? and the sAs terms for all
TIJ. We have scanned the range of their respective coupling constants
where these terms remain stable.

We have studied the p1Ap;, the sAs, and the (V - s)? in detail.
Studies in infinite nuclear matter confirm the “positive” end of the safe

range but not the negative side. How to study the negative side ? Can it
be done with INM ?

Disclaimer : The exact value of the coupling constant where non-convergence
first occurs is sensitive to the numerics of the problem (basis or mesh,
damping, etc), to the mass number of the nucleus, to the other parameters, ...

Linear Response Theory : from infinite nuclear matter to finite nuclei Université Libre de Bruxelles
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